Background: Acute ischemic stroke (AIS) more frequently develops in patients with intracranial vertebral artery dissection (VAD) than extracranial VAD, and is associated with possible poor clinical outcomes. The aim of this study is to compare high-resolution magnetic resonance imaging (HR-MRI) findings and clinical features of VAD with and without AIS. Methods: Twenty-nine lesions from 27 patients (15 male and 12 female patients; age range ¼ 28-73 years) who underwent diffusion MRI and 3T HR-MRI within seven days were included. We classified VAD according to the presence of AIS lesions on diffusion MRI. Clinical features and HR-MRI findings (angiographic patterns, presence of double lumen sign, dissecting flap, posterior inferior cerebellar artery involvement, remodeling index, length of affected vessels, T1-signal intensity, area of intramural hematoma, and grades and patterns of vessel wall enhancement) were evaluated. Results: Thirteen VADs with AIS and 16 without AIS were included. There were no significant differences in the clinical parameters (sex, age, risk factors, symptoms). More VADs with AIS presented as a steno-occlusive pattern than VADs without AIS. More VADs without AIS presented with aneurysmal dilation, larger mean remodeling index and longer mean length than VADs with AIS. Presence of intramural hematoma, T1-iso-signal intensity of intramural hematoma and contrast enhancement were significantly more common in VADs with AIS than without AIS. Conclusions: Our study showed some differences in HR-MRI comparing intracranial VAD patients with and without AIS. Differing findings may facilitate a better understanding of intracranial VAD and risk assessment of AIS in these patients.
Background
Spontaneous vertebral artery dissection (VAD) is a frequent cause of stroke in young patients, and has an approximate annual incidence rate between 1.0 and 1.5 per 100,000 individuals. [1] [2] [3] [4] VADs can be classified as extracranial dissection with/without intracranial dissection and intracranial dissection. 5 Intracranial VAD is the most common type of intracranial artery dissection in Asian people. 5, 6 It is more frequently associated with the development of ischemic events than extracranial VAD. 7 Stroke due to VAD is associated with a poor outcome, and the risk of stroke is evidently high in the first few days after dissection. 7, 8 Thus, early detection of VAD and timely antithrombotic therapy are important because VAD is a potentially treatable cause of stroke and transient ischemic attack. accuracy of the information pertaining to various geometric changes, hemodynamic information, and collateral blood supply that it provides. However, diagnosing VAD via DSA can sometimes be challenging because it cannot evaluate arterial wall pathology. Recently, VAD has been detected more frequently thanks to advances in neurovascular imaging. 3, 11 High-resolution vessel wall magnetic resonance imaging (HR-MRI) is now widely used for the evaluation of patients with clinically suspected VAD. It can be used to determine detailed wall features of VAD because it can provide high spatial resolution, and thus diagnoses based on it can be made with more confidence.
In this study, we investigate the morphologic features of VAD with acute ischemic stroke (AIS) via HR-MRI. We expected that characterization of these radiologic features may facilitate a better understanding of intracranial VAD and enhance the accuracy of estimation of the risk of AIS associated with VAD.
Methods

Study population
This retrospective study was approved by our institutional review board, and the requirement for informed consent was waived. Among the 398 patients who underwent 3.0T HR-MRI at our hospital between May 2013 and August 2017, a total of 27 patients (15 males and 12 females, mean age ¼ 51.9 years, age range ¼ 28-73 years) with 29 intracranial VADs were identified, including two patients with bilateral VAD lesions. Patients were retrospectively enrolled in accordance with the following criteria: (a) diagnosed with VAD based on clinical and radiological findings, (b) more than two imaging modalities (other than HR-MRI, such as DSA, computed tomography or magnetic resonance angiography (MRA)) were used to diagnose VAD, (c) no history of head trauma, (d) underwent HR-MRI within seven days of diffusion MRI being performed, (e) did not present with subarachnoid hemorrhage. Demographic data including sex, age, symptoms, and risk factors associated with acute stroke (i.e. hypertension, diabetes, hyperlipidemia, coronary artery disease, smoking, body mass index) were obtained from electronic medical records.
MRI protocol
HR-MRI was performed with either a 3T Philips scanner with an eight-channel head coil (Achieva, Philips Healthcare, Best, Netherlands) or a 3T Siemens scanner with a 64-channel head coil (Magnetom Skyra TIM TX TrueShape, Siemens Healthcare, Erlangen, Germany). The HR-MRI protocol consisted of three-dimensional (3D) time-of-flight (TOF) MRA, 3D proton density (PD) imaging, two-dimensional (2D) or 3D T1-weighted imaging (T1WI), and contrast-enhanced T1W1 (CE-T1WI). The PD imaging used turbo spin-echo sequences with parameters within the following ranges: repetition time (TR) 1200-2000 ms, echo time (TE) 30-33 ms, flip angle (FA) 90-120 degrees, matrix 300-320 Â 264-300, field of view (FOV) 149-180 Â 180 mm, section thickness 0.3-0.6 mm, and number of excitations (NEX) 1-2. For T1WI the parameters were within the following ranges: TR 670-1000 ms, TE 7.6-8.7 ms, FA 90-120 degrees, matrix 200-256 Â 200-256, FOV 100-170 Â 100-170 mm, section thickness 0.6-2.0 mm, and NEX 1-3. CE-T1WI was conducted following intravenous administration of gadoterate meglumine (Dotarem Õ , Guerbet, France) at a dose of 0.1 mmol/kg body weight.
Image analysis
Image analysis was performed on a picture archiving and communication system workstation, and quantitative analysis was performed using a Medical Imaging Interaction Toolkit (MITK). The VADs were classified as being either with AIS or without AIS. The diagnoses of AIS were made according to the presence of diffusion-restricted lesions on diffusion MRI. Radiologic diagnoses of VADs were made according to the Strategies Against Stroke Study for Young Adults in Japan criteria 12 using more than two imaging modalities.
Vessel lumen analysis
The morphology of dissected vessels was classified as steno-occlusive, aneurysmal dilation, and string of pearls sign, according to the TOF MRA findings. Aneurysmal dilation and increased vessel diameter were visually defined as an increase in vessel diameter compared with normal-appearing arteries. 13, 14 Presence of a dissecting flap, double lumen sign at the dissected vessel, involvement of the posterior inferior cerebellar artery (PICA), length, and remodeling index were also assessed on TOF-MRA, PD, and pre-contrast and post-contrast T1-weighted magnetic resonance (MR) images. Remodeling index was calculated using a modified remodeling index: outer diameter of dissected vessel/([proximal normal diameter þ distal normal diameter]/2). 15 
Vessel wall analysis
An intramural hematoma was defined as a crescent or oval-shaped area, and T1-signal intensity of intramural hematoma was observed. T1-signal intensity occupying more than half of the intramural hematomas was recorded as low-, iso-, or high-signal intensity compared with adjacent muscle. The relative signal intensity was calculated based on mean signal intensity of an intramural hematoma/mean signal intensity of adjacent muscle. 16 The area of intramural hematoma was measured on short axial T1-weighted images using an MITK by manual drawing.
Contrast enhancement analysis
Abnormal wall enhancement of a dissected vessel wall was defined as definite enhancement compared with normal vessels or contralateral vertebral artery (VA), and classified as one of three grades according to the degree of enhancement (grade 0: similar to that of normal walls, grade 1: greater than that of grade 0 but less than that of venous enhancement, and grade 2: similar to or greater than that of venous enhancement). 17 Patterns of contrast enhancement were classified as perivascular, intramural hematoma, luminal vessel wall enhancement, and intraluminal thrombosis. 1 
Statistical analysis
Categorical values were summarized as frequencies with percentages, and quantitative data were tabulated as mean AE standard deviation. All statistical analyses were performed using SAS Õ version 9.4 (SAS Institute Inc, Cary, NC, USA). Clinical data derived from VAD patients with and without AIS were compared via Student's t-test, Fisher's exact test, the chisquare test, and the Wilcoxon rank sum test. Fisher's exact test was used for comparisons of frequency of intramural hematoma, T1-signal intensity of intramural hematoma, double lumen sign, dissecting flap, PICA involvement, and vessel wall enhancement of dissected vessels in VAD patients with and without AIS. Area of intramural hematoma, remodeling index, and length of dissected vessel were compared using the chi-square test. The Pearson correlation coefficient was used to evaluate the relationship between the interval between symptom onset and HR-MRI and intramural hematoma T1-signal intensity. Values of p < 0.05 were considered statistically significant.
Results
Clinical characteristics
Eight VAD patients with AIS exhibited acute infarction involving the cerebellum, and five patients presented with medullary infarction. Risk factors for atherosclerosis (hypertension, diabetes, hyperlipidemia, coronary artery disease, smoking, body mass index) did not differ significantly in VAD patients with and without AIS (p > 0.05). The demographic data of these patients are shown in Table 1 . Most of the patients presented with symptoms at the time of admission, and only one patient without AIS did not present with any clinical symptoms, but it was detected incidentally via MRA. Dizziness was the most common symptom (69.2%) in VAD patients with AIS, and headache was the most common symptom (62.5%) in those without AIS. None of the patients had a history of trauma. The mean time interval between HR-MRI and diffusion MRI did not differ significantly in VAD patients with and without AIS. The mean time interval from symptom onset to diffusion MRI and mean time interval from symptom onset to HR-MRI in VAD patients with AIS were significantly shorter than were those in VAD patients without AIS.
Vessel lumen analysis
Morphologic patterns on TOF MRA differed significantly in VAD with and without AIS. Twelve of 13 VAD (92.3%) patients with AIS exhibited steno-occlusive patterns (nine (75%), occlusion; three (25%), severe stenosis), and one (7.7%) exhibited aneurysmal dilation (Table 2 ). However, in VAD without AIS, aneurysmal dilation (56.3%), string of pearls sign (25.0%) and steno-occlusive pattern (18.8%) were present in that order of frequency. Increased vessel diameter was significantly more frequent in VAD without AIS than those with AIS (13 (81.3%) vs. 1 (7.7%)) (p ¼ 0.0001). Double lumen sign and dissecting flap were also more frequent in VAD without AIS than VAD with AIS. Mean modified remodeling index was larger and mean length was shorter in VAD with AIS than VAD without AIS, but these differences were not statistically significant.
Vessel wall analysis
Intramural hematomas were more frequently observed in VAD with AIS (12; 92.3%) than VAD without AIS (seven; 43.8%) (p ¼ 0.0057) ( Table 2 ). T1 iso-signal intensity was more common in VAD with AIS than in VAD without AIS (p < 0.05) (Figures 1 and 2 ). In addition, there was a significant correlation between the time from symptom onset to HR-MRI and T1-signal intensity of intramural hematomas (r ¼ 0.817, p ¼ 0.012). The mean area of intramural hematomas in VAD with AIS (294.7 mm 2 AE 260.85 mm 2 ) was larger than it was in VAD without AIS (133 mm 2 AE 84.74 mm 2 ), but this difference was not statistically significant.
Contrast enhancement analysis
Twenty VADs showed contrast enhancement along the luminal boundary or outer margin of dissected vessels. Contrast enhancement was more frequently observed in VAD with AIS (n ¼ 11; 84.6%) than those without (n ¼ 9; 56.3%). There was a significant correlation between the grading of contrast enhancement and the presence of AIS (p < 0.05). Grade 1 enhancements were more frequently observed in VAD with AIS than VAD without AIS (n ¼ 6, 46.2% vs. n ¼ 2, 12.5%) and grade 2 enhancements were more frequently observed in VAD without AIS than in VAD with AIS (n ¼ 7; 43.8% vs. n ¼ 5; 38.5%). The pattern of vessel wall enhancement did not significantly differ between VAD with and without AIS.
Discussion
Clinical presentations associated with intracranial VAD include ischemia, hemorrhage, and mass effect, and imaging findings vary according to clinical presentation. 18 Subintimal dissection is likely to appear as irregular stenosis or occlusion of the VA by intramural hematoma, and is associated with posterior fossa infarction. [18] [19] [20] However, subadventitial dissection frequently appears as aneurysmal dilation and tends to result in subarachnoid hemorrhage. 18, 21 The dissection reduces blood supply to the cerebellum and brainstem, which may cause infarction. In the current study, stenoocclusive lesions were more frequent in intracranial VADs with AIS and were more likely to be associated with intramural hematoma. In contrast, aneurysmal dilations were more frequent in intracranial VADs without AIS and were less likely to be associated with intramural hematoma. These results are consistent with a previous study in which intramural hematomas were more frequently associated with a steno-occlusive pattern than an aneurysmal dilation pattern. 22 It is difficult to distinguish VAD from other lesions such as atherosclerosis or VA hypoplasia solely via a steno-occlusive pattern as determined by MRA. However, the pathology of the vessel wall as determined by HR-MRI can be used to distinguish VAD from other lesions, and thus derive a more confident diagnosis.
Hematoma exhibits a typical evolution of signal intensity related to the paramagnetic effects of the products of hemoglobin breakdown. 9, 21 Previous studies 16, 18, 20, 23, 24 have reported that subacute-stage intramural hematomas exhibit high signal intensities on T1-weighted MRI. Hirai et al. 23 also reported that most VADs showed higher T1-signal intensity at acute to subacute stages than at other stages. However, at early and chronic stages hematomas usually exhibit signals that are isointense compared to surrounding structures on T1-weighted images, thus T1 hyperintensity may not be apparent in vessel walls within a week of symptom onset. 20 Therefore, acutestage intramural hematoma may be obscured by surrounding isointense tissues. 9 It is reported that T1-and T2-signal intensities of intramural hematomas significantly increased after one week of symptom onset. 25 In the current study, more T1 iso-signal intensities of intramural hematomas were observed in VADs with AIS than those without. This suggested that the timing of VADs with AIS was earlier than that of VADs without AIS. In addition, more frequent T1 high-signal intensity in intramural hematomas in VAD patients without AIS may be explained by the passage of time. Changes of T1-signal intensity of intramural hematoma over time can make it possible to estimate the onset of the VAD. Finally, intramural hematoma is resorbed by inflammatory cell infiltrates and macrophage activity, and is replaced with granulation tissue. 24 The presence of contrast enhancement has been used to evaluate plaque components and the degree of neovascularization. 16, 26 Perivascular enhancement may be another indicator of the acuteness of the dissection, and suggests an inflammatory component of the disease. 1, 10 Park et al. 16 showed that strong enhancement was observed in the subacute stage and that vessel wall enhancement resolved over a few weeks. Interestingly, more VADs associated with AIS showed contrast enhancement than VADs that were not associated with AIS; however, strong enhancement was more frequent in VAD in patients without AIS. We suggest that the reason may be that there is a longer time from when the dissection occurs in VAD patients without AIS than in those with AIS. In addition, two of the intramural thromboses presented intense enhancement that facilitated differentiation from intramural hematoma.
With regard to the treatment of unruptured intracranial VADs, whether conservative management or treatments should be used remains controversial. Unruptured intracranial VAD has been known to follow a benign course with a high probability of spontaneous improvement. 19, 27 However, the risk of transient ischemic attack or acute infarction is highest in the first two weeks after VAD. 19 Ischemic stroke in the posterior circulation is associated with an unfavorable outcome due to hemodynamic compromise or new embolization. 7 Thus, VAD patients with more recent hematomas may require closer observation with acute management than those with chronic hematomas to prevent ischemic events. 28 The risk associated with anticoagulation is high in intracranial VAD because of the possibility of subarachnoid hemorrhage. 12, 29 However, a recent study suggests that anticoagulation is safe in cases of intracranial VAD associated with ischemia if there is an absence of subarachnoid hemorrhage and dissecting aneurysm. 21 To our knowledge, the current study is the first to focus solely on clinical and radiologic features of intracranial VAD associated with AIS. In particular, the interval between the diagnosis of acute infarctions and the performance of HR-MRI was shorter than it was in previous studies, 1, 19 and we believe that our study reflects the initial parameters of acute-stage VAD. Most of the cases were considered to be acutestage lesions, and the findings of the study may be helpful with regard to deciding on the management of intracranial VADs.
The current study had several limitations. First, it was a retrospective study with a relatively small population. It is difficult to perform during the unstable stage of acute infarction, because the image acquisition time of HR-MRI is relatively long. Future studies with larger populations would be needed to support the findings of the current study. Second, T2-weighted images, which have been used in previous studies, were not included in our HR-MRI protocol. 1 Instead, we used 2D and 3D PD images. Third, only T1-weighted images were used for the evaluation of intramural hematomas. Additional studies including T2-signal intensity of intramural hematomas are needed. Lastly, we did not perform fat-saturated T1/PD imaging, so the diagnosis of VAD may have been missed in some patients. Additional studies performed with fat saturation are needed for accurate evaluation of intramural hematomas.
Conclusion
Our study found some differences in HR-MR when comparing patients with and without AIS. We suggest the need for similar studies with larger sample sizes in order to confirm our findings. Differing findings between intracranial VAD patients with and without AIS may facilitate a better understanding of intracranial VAD and risk assessment of AIS in these patients.
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